Ultrathin oxide layers on hexagonal SiC surfaces were studied using low-energy electron diffraction ͑LEED͒ and Auger electron spectroscopy ͑AES͒. SiC͑0001͒ and SiC(0001 ) samples were ex situ prepared using thermal hydrogen etching or a microwave powered hydrogen plasma treatment. A well ordered (ͱ3ϫͱ3)R30°reconstructed surface is observed by LEED immediately upon introduction into vacuum. The samples contain oxygen of approximately one layer equivalent bonded to Si atoms as indicated by AES. From a full dynamical LEED structure analysis carried out for the SiC(0001 ) surface the crystallographic structure is determined: The silicon oxide is arranged as a silicate (Si 2 O 3 ) layer on top of the SiC substrate, forming rings of (ͱ3ϫͱ3)R30°periodicity with twofold coordinated oxygen atoms in the topmost position. The oxygen incorporation into the surface presumably proceeds via rapid oxidation in air of the well ordered topmost substrate bilayer. The extreme stability of the resulting surface reconstruction is caused by the absence of dangling bonds in the surface terminating silicate layer. On the SiC͑0001͒ surface a similar silicate type layer terminated by its oxygen atoms is found by the LEED analysis. However, the adlayer and substrate are bonded via a linear Si-O-Si bond.
I. INTRODUCTION
The physical properties of silicon carbide make it a prospective substrate material for electronic device applications in areas where common silicon technology finds limitations. So, SiC p -n junctions can be operated at high temperatures such as even 1000 K due to the large band gap of the material. Its electrical characteristics additionally allow the development of high power, high voltage, and high frequency devices. Yet, the technological use of such devices is hampered by the severe problems in processing the material itself. A variety of issues in this respect is directly connected to the surface properties of SiC samples among which oxidation and growth are important in the present context: The growth of high crystalline, defect free, and electrically well defined substrates for device production is still difficult. The surface structure strongly influences the growth mode and crystal structure during the epitaxial growth of SiC films. 1 Recent results in the crystallographic determination of reconstruction phases on SiC͑0001͒ surfaces [2] [3] [4] ͑the nominal Si terminated basal plane surface͒ have provided further insight into the atomic processes involved in the attachment of new material during growth and the formation of single crystalline layers. Preparation of flat surfaces appears possible from the above investigations. Yet, even on well prepared SiC samples, the formation of oxide layers leads to interfaces of much lower electrical quality than commonly achieved on pure silicon. This is partially due to the compound nature of the material. During the oxidation of a thicker SiC film only the Si of the film is used for the formation process. The excess carbon needs to be removed through the layers already oxidized, a process which may remain incomplete, thus leaving defects in the film or even worse at the interface. Such carbon related defects have been identified in several investigations where siliconoxycarbide 5 or clusters of graphitic precipitates 6 have been found. These defects, leading to an enhanced interface state density, are responsible for the marginal electrical quality of the oxide structures obtained. A natural way to circumvent these problems would be to deposit rather than grow the oxide layer. 7 This appears even more promising since the lattice parameter of SiO 2 matches that of SiC to within about 5%, a much better situation than for silicon where the mismatch is 25%. Yet, it seems that no better interfaces can be obtained by this method because actual device structures display the same low quality that they do after thermal oxidation. 8 One prerequisite to generate a smooth interface is a well ordered and flat substrate surface. As mentioned, recent efforts have indeed provided surfaces that are flat and crystalline on an atomic level as monitored by scanning tunneling microscopy ͑STM͒ 9-11 and lowenergy electron diffraction ͑LEED͒. 2, 10, 12 Still, exposure to air before transferring these samples into the ultrahigh vacuum ͑UHV͒ analysis chamber leads to a disordered natural oxide of mixed composition. 13 In the present article we show that by hydrogen treatment flat SiC samples can be generated that are covered with a well ordered monolayer of silicon oxide which could represent the proper seed for a crystalline SiO 2 film. After this introduction sample preparation is described. Section III presents the surface analytical methods and the technique of quantitative LEED structure determination. The structure of the oxide monolayers is then discussed in detail with a compilation of the atomic geometries which is followed by a conclusion at the end of the article. 
II. SAMPLE PREPARATION
SiC samples with hexagonal ͑basal plane͒ surfaces of both polarities were used. We used several 6H-SiC(0001 ) and 4H-and 6H-SiC͑0001͒ samples. They were pretreated by a sacrificial oxidation and HF etching procedure in order to remove possible disordered layers, e.g., layers damaged by the cutting or polishing process. On SiC samples of both polarities this type of treatment is known to produce well ordered surfaces. They are of a more or less bulk truncated geometry and terminated with a bilayer in (1ϫ1) periodicity. 10 Subsequently, the samples were subjected to a hydrogen etch procedure, either thermally by annealing in hydrogen flow or by a hydrogen plasma. The thermal etching process was carried out for 5 min in a quartz tube reactor under atmospheric pressure gas flow containing 3000 sccm ͑std cm 3 /min͒ H 2 with the sample at a temperature of 1500°C. The plasma process was carried out in H 2 of 5 mbar pressure and 100 sccm gas flow while heating the sample to ϳ800°C for 30 min. For the plasma a microwave power of 500 W was used with the sample unbiased. After the etching process the samples were removed from the preparation chamber-which of course led to air exposure-and immediately transferred into the UHV analysis chamber without any further treatment. In the surface analysis they were found to contain silicon bonded oxygen and displayed a well ordered (ͱ3ϫͱ3)R30°LEED pattern as elucidated below.
III. SURFACE STRUCTURE DETERMINATION TECHNIQUE
Surface analysis was carried out using reverse view, four grid LEED optics, and a 150°hemispherical sector electron analyzer for Auger electron spectroscopy ͑AES͒. Chemical analysis and a coarse estimate of the surface stoichiometry could be drawn from the AES data. By inspecting the AES fine structure in particular, additional information about the bonding environment of the Si atoms could be retrieved. For the quantitative LEED analysis diffraction spot intensities were measured using an automated, computer controlled video-LEED data acquisition system. 14, 15 All LEED intensities were acquired at normal electron incidence, first, in order to allow accurate adjustment of the incidence angle by comparing symmetry equivalent diffraction spots and, second, to enable averaging of the spectra of the respective spots in order to improve the quality of the data by reducing the noise level. The resulting I(E) spectra were compared to calculated intensities in order to retrieve the surface geometry in detail. For different surface models full dynamical LEED calculations were carried out using standard programs. 16 Tensor LEED 17 was used for efficient variation of the detail atomic geometries in a particular model. For the quantitative comparison of experimental and calculated intensities the Pendry R-factor, 18 R p , was used. Based on this quantitative measure structural optimization was carried out by means of an automated search procedure. 19 One particular complication when dealing with hexagonal SiC surfaces is the bilayer stacking sequence at the surface. A 6H-SiC with its bulk stacking sequence of ͓ABCACB͔A..., could be terminated by three types of stacking sequences at the surface, namely, ABCAC...,(S3), BCACB...,(S2), or CACBA...,(S1). 20 In addition, each stacking type can be present in two orientations rotated 60°with respect to each other. However, as judged from the sixfold symmetry of the LEED pattern, the two orientations must be present in equal amounts, 10 so that only the three surface domain types have to be considered in the LEED analysis. In the automated search algorithm a mixing of domains of different stacking was included in order to determine the relative weights of respective domains as practized successfully earlier. 
IV. SILICATE MONOLAYER STRUCTURE
As mentioned above, the ex situ hydrogen prepared samples displayed a (ͱ3ϫͱ3)R30°LEED pattern immediately after introduction into vacuum without any further treatment. It should be kept in mind that during transfer the sample is exposed to air. Yet, the time between hydrogen etching and sample loading into UHV did not appear to be crucial. Even after leaving a sample in air for several hours the well ordered phase could be observed. The (ͱ3 ϫͱ3)R30°phase appeared after both etching methods, on both surface orientations investigated, and regardless of the polytype. On the nominally carbon oriented 6H-SiC(0001 ) surface the LEED pattern was practically background free, inferring a high degree of order on the surface while LEED patterns taken from ͑0001͒ surfaces typically displayed a faint background which obviously indicates a less perfect surface.
On both sample orientations the AES spectra showed a strong O KLL peak as displayed in Fig. 1 . Besides this oxygen peak the Si LVV signal shows an oxidic fine structure ͑inset of Fig. 1͒ . In particular, on the (0001 ) surface a clearly separate component around 65 eV appears which indicates a Si-O bond. On the ͑0001͒ surface the Si peak is more complex which might be due to a mixture of different bonding configurations as will be confirmed later in this section. Due to its better surface quality we concentrate on the 6H-SiC(0001 ) sample for a detailed discussion of the LEED structure determination. The best fit was obtained for a model containing a Si 2 O 3 monolayer on top of a practically bulk like SiC substrate. This model yielded a convincingly low R-factor of R p ϭ0.14. Some other models were tested but they resulted in significantly worse R-factors and could therefore be ruled out. 21 In the optimized model the oxide layer consists of a lower sublayer of Si atoms and an upper sublayer of oxygen atoms. As displayed in Fig. 2͑a͒ the Si-O-Si bonds are arranged in a honeycomb pattern with each oxygen twofold coordinated and thus perfectly saturating its dangling bonds. This arrangement of the oxide layer strongly resembles a basic structural element of sheet silicates ͑phyl-losilicates͒, a common mineral form. Therefore, the Si 2 O 3 is referred to as silicate layer in the rest of the article. The Si atoms of the silicate layer are fourfold coordinated, thus also saturated, and are bonded in the surface normal direction to the carbon atoms of the topmost substrate bilayer. However, as will be discussed further, one carbon atom within the (ͱ3ϫͱ3)R30°unit cell remains uncovered. This kind of silicate layer was found on all three possible surface stacking terminations which are present as a mixture on the surface. The exact mixing ratio and the vertical geometry parameters varied in the analysis are compiled in Table I . 22 Figure 2͑b͒ displays a side view of the silicate monolayer model in which the geometry parameters varied are defined except for the distance between the first two substrate SiC bilayers, D 23 , which was also considered. In addition, the lateral position of the oxygen atoms was tested. They were found to reside above a line between their Si neighbors as indicated in the top view, thus forming true hexagons. It should be noted that, as a consequence, the silicate layer itself has sixfold symmetry and thus cannot appear in an additional orientation domain. The Si-O-Si bonds lie in a plane normal to the surface. From the interlayer distances and the lateral lattice parameter we derive a Si-O bond length of 1.63 Å and a Si-O-Si bond angle of 141°, values that agree very well with those known from bulk SiO 2 in ␣-quartz. Due to the honeycomb structure of the silicate layer every third carbon atom of the topmost substrate bilayer is only threefold coordinated. The LEED analysis reveals that these atoms are pushed downward by 0.13 Å with respect to the two other carbon atoms ͑average value of the S1 and S2 domains 22 ͒. With the exception of this buckling feature the structure of the substrate bilayers is found to be more or less bulk like. The quality of the agreement between experimental and calculated intensities already indicated by the low R-factor can be further assessed by visual inspection of the complete data set for the (0001 ) surface shown in Fig. 3 .
On the ͑0001͒ surface the LEED analysis reveals a similar silicate layer again terminated by its oxygen atoms. However, this silicate layer is not directly bound to the topmost substrate SiC bilayer via Si-Si bonds but rather by linear Si-O-Si bridges in the direction normal to the surface. The R-factor achieved for this model is R p ϭ0.20, which probably has to be attributed to the lower perfection of the surface. In contrast to the case of the (0001 ) surface the model here contains Si in two oxygen bonded configurations which is presumably the reason for the more complex AES peak shape as shown in Fig. 1 . Due to lack of space further details of the LEED analysis and the structural results are published elsewhere. 23 In both models for the ͑0001͒ and (0001 ) surface the silicate layer is perfectly saturated while a dangling bond appears to remain at the topmost substrate SiC bilayer. However, when considering theoretical work on the structure of clean SiC surfaces, 24 one would expect a dangling bond to cause these atoms to be pushed downwards by 0.15 Å on the ͑0001͒ and 0.25 Å on the (0001 ) surface. However, the in- Fig. 2 for the optimized structure on 6H-SiC(0001 ). The topmost substrate SiC bilayer spacing is denoted d 12 . Accordingly, the atomic sublayers in the silicate are indicated as Ϫ1 and 0. b 1 C↓ denotes the downward displacement ͑buckling͒ of the uncovered ͑threefold coordinated͒ carbon atom in the topmost substrate SiC bilayer. The bond length and angles within the silicate layer are given as evaluated from the directly obtained layer distances. The error bars based on the R-factor variance ͑Ref. 21͒ are below 0.1 Å. No geometry parameters are given for the S3 domain due to their uncertainty in view of the small contributing surface area of the domain ͑Ref. 21͒.
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S2 S3 ward relaxation found in our optimized model for the (0001 ) surface is much smaller, and is even absent on the ͑0001͒ surface. Thus we have to assume that the dangling bond is either screened by the capping silicate layer or saturated by a hydrogen atom which would be hard to detect by our analysis due to its small scattering cross section in LEED. This assumption would explain the stability of the structure even when exposed to air. It should be noted that the origin of the oxygen component on the surface cannot be revealed by our experiments. However, it appears unlikely that the silicate layer is formed in the presence of hydrogen during the ex situ treatment. We rather suspect that a rapid oxidation of the topmost layer occurs when the sample is exposed to air, which then passivates the surface against further oxidation at room temperature. Nevertheless, it might be possible that a precursor of the (ͱ3ϫͱ3)R30°order is already present as result of the hydrogen treatment.
V. CONCLUSION
We have discovered that a hydrogen treatment either performed thermally or in a plasma reactor followed by exposure to air generates a well ordered oxide monolayer on hexagonal SiC surfaces of either polarity. Using LEED structure analysis we have determined that the structure of the surface contains a Si 2 O 3 silicate adlayer on top of a practically bulk like SiC substrate. On both ͑0001͒ and (0001 ) surfaces the silicate is arranged with its oxygen atoms terminating the surface. On ͑0001͒ a Si-O-Si bridge connects the substrate and silicate layer while on the (0001 ) surface they are connected directly via a C-Si bond. The bonding configuration within the silicate layer very closely resembles that of ␣-quartz both with respect to the honeycomb arrangement and to the bond lengths and angles. The well ordered silicate layers could serve as seeds for growing thicker oxide layers on SiC samples due to their good epitaxial relationship to bulk oxide.
